Purpose We investigated the acute effects of cold water immersion (CWI) or passive recovery (PAS) on physiological responses during high-intensity interval training (HIIT). Methods In a crossover design, 14 cyclists completed 2 HIIT sessions (HIIT1 and HIIT2) separated by 30 min. Between HIIT sessions, they stood in cold water (10°C) up to their umbilicus, or at room temperature (27°C) for 5 min. The natural logarithm of square-root of mean squared differences of successive R-R intervals (ln rMSSD) was assessed pre-and post-HIIT1 and HIIT2. Stroke volume (SV), cardiac output ( _ Q), O 2 uptake ( _ VO 2 ), total muscle hemoglobin (t Hb ) and oxygenation of the vastus lateralis were recorded (using near infrared spectroscopy); heart rate, _ Q, and _ VO 2 on-kinetics (i.e., mean response time, MRT), muscle de-oxygenation rate, and anaerobic contribution to exercise were calculated for HIIT1 and HIIT2. Conclusion CWI between HIIT slowed _ VO 2 on-kinetics, leading to increased anaerobic contribution during HIIT2. This detrimental effect of CWI was likely related to peripheral adjustments, because the slowing of _ VO 2 onkinetics was twofold greater than that of central delivery of O 2 (i.e., _ Q). CWI has detrimental effects on high-intensity aerobic exercise performance that persist for C45 min.
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Introduction
High-intensity exercise challenges cardiorespiratory and metabolic systems. To maintain performance, athletes adopt a variety of strategies to help them recover between training sessions and competitive events. Water immersion is a popular method to improve recovery (Wilcock et al. 2006) , as evidenced by its widespread use during the recent London Olympic Games. However, despite the widespread use of cold water for recovery, its effect on exercise performance is variable (Poppendieck et al. 2013) . Although cold water immersion may benefit subsequent sprint and endurance exercise performance (Stanley et al. 2013; Vaile et al. 2008) , it can also impair subsequent sprint performance (Parouty et al. 2010) or not alter endurance performance (Stanley et al. 2012) . Clearly, our understanding of the best way to use cold water immersion is limited, and further investigations are warranted. Cold water immersion is proposed to provide cooling and mild compression of skeletal muscle through hydrostatic pressure (Wilcock et al. 2006) . Cold water immersion reduces rectal temperature Peiffer et al. 2009a, b; Vaile et al. 2011) , skin temperature Peiffer et al. 2009b) , and muscle temperature (Peiffer et al. 2009a ) more effectively than passive or active recovery. Hydrostatic pressure during water immersion can displace the fluids within a person from the extremities towards the thoracic cavity (Farhi and Linnarsson 1977) . Additionally, immersion in cold water induces marked vasoconstriction compared with active recovery, as measured by venous occlusion plethysmography (Vaile et al. 2011) . Redirecting blood flow from the periphery to the core benefits recovery by increasing cardiac efficiency, and reducing cardiovascular strain ). This response is demonstrated by lower heart rates observed during recovery following cold water immersion (Buchheit et al. 2009; Halson et al. 2008; Stanley et al. 2012; Vaile et al. 2011) . Lastly, cold water immersion typically enhances perceptions of recovery after exercise (Al Haddad et al. 2012; Parouty et al. 2010; Stanley et al. 2012) .
Despite these purported benefits, cold water immersion may also induce various physiological responses that could adversely affect subsequent exercise performance. First, increased cardiac parasympathetic activity (Buchheit et al. 2009; Stanley et al. 2012 Stanley et al. , 2013 ) and the inhibitory effects on intrinsic heart rate (Bergh and Ekblom 1979) following cold water immersion can compromise cardioacceleration (Endo et al. 2003; Parouty et al. 2010 ) and cardiac output (Parouty et al. 2010) at the beginning of subsequent exercise. In turn, these responses may restrict central delivery of O 2 to exercising muscle. Second, vasoconstriction resulting from cold water immersion can impair muscle blood flow (Ferretti et al. 1995) and compromise peripheral O 2 delivery to exercising muscle (Muller et al. 2012; Vaile et al. 2011) . Last, cold exposure can also decrease muscle O 2 unloading (Ferretti et al. 1995) and prolong muscle intracellular O 2 kinetics (Koga et al. 2013; Shiojiri et al. 1997) . Consequently, restricted O 2 delivery to, and utilization by exercising muscle, may increase the anaerobic contribution to exercise, as demonstrated by higher postexercise blood lactate concentration following cold water immersion (Parouty et al. 2010) .
To date, only one study has examined the effect of postexercise cold water immersion on muscle oxygenation and blood flow (Ihsan et al. 2013 ). However, no research has examined the effects of cold water immersion on both central (i.e., cardiac output) and peripheral (i.e., muscle oxygenation) facilitators of O 2 delivery to exercising muscle, or its effects on the anaerobic contribution during subsequent exercise. Understanding these effects is fundamental to optimizing cold water immersion as a strategy to recover from exercise. The aim of this study was to investigate the acute effects of cold water immersion on body temperature, cardiac autonomic, hemodynamic, respiratory, and muscle oxygenation responses during a standardized high-intensity exercise.
Methods

Subjects
Fourteen endurance-trained male cyclists participated in the study (age 25 ± 4 years, body mass 69.6 ± 4.9 kg, height 1.77 ± 0.04 m, maximal oxygen uptake 66.6 ± 4.2 mL kg -1 min -1 , peak power output 405 ± 28 W). The experimental procedure was in accordance with the Declaration of Helsinki, and was approved by the Human Research Ethics Committee at The University of Queensland.
Experimental overview
The study was completed over a 2-3-week period, with each of the three laboratory sessions separated by 5-7 days. During preliminary testing, the cyclists completed an incremental cycling test to determine their estimated first ventilatory threshold (VT 1 , see below), maximal pulmonary O 2 uptake ( _ VO 2max ), and peak power output (PPO). Following the incremental test, the cyclists were familiarized with all procedures used in the experimental trials to minimize any learning or training effects. Familiarization consisted of replicating the second high-intensity interval training session (see below) with all equipment attached.
During the subsequent visits (experimental trials; Fig. 1 ), the cyclists performed two high-intensity interval training sessions (HIIT1 and HIIT2) on a cycling ergometer (Wattbike Ò , Wattbike Ltd., UK). In a randomized, crossover design, HIIT1 and HIIT2 were separated by a 30-min recovery period that included a specific recovery intervention (cold water immersion, CWI, or passive recovery, PAS). A 30-min recovery period was chosen because prior heavy exercise elicits a priming effect on _ VO 2 kinetics that persists for at least 45 min (Burnley et al. 2006 ). Specifically, an increased primary _ VO 2 amplitude and reduced _ VO 2 slow component (Burnley et al. 2006) can potentially benefit subsequent high-intensity exercise by reducing the anaerobic contribution to exercise (Gerbino et al. 1996) . We expected that under these conditions the effect of CWI on central and peripheral adjustments would be more pronounced. For the experimental trials, respiratory gas exchange, heart rate (HR), stroke volume (SV) and cardiac output ( _ Q), oxygenation of vastus lateralis, skin (T sk ) and rectal temperature (T re ), and blood lactate concentration ([La] b ) were measured. HR variability (HRV) was recorded before and after HIIT1 and HIIT2, while ratings of perceived exertion (RPE, 1-10 Borg's scale) and HR recovery (HRR) were recorded after HIIT1 and HIIT2.
At all times during exercise, the cyclists were provided with instantaneous feedback from the cycling ergometer on their power output and cadence. The cyclists were instructed to maintain a consistent cadence at a fixed level of resistance (determined during familiarization) for each stage of the protocol. All tests were performed in an exercise laboratory maintained at 20.5 ± 0.5°C and Fig. 1 Graphical overview of the experimental protocol (not to scale). Exercise bout 1 (HIIT1), exercise bout 2 (HIIT2), heart rate variability (HRV), heart rate recovery (HRR), cold water immersion (CWI), passive recovery (PAS), pulmonary oxygen uptake ( _ VO 2 ), heart rate (HR), stroke volume (SV), cardiac output ( _ Q) tissue saturation index (T SI ), skin temperature (T sk ), rectal temperature (T re ), blood lactate concentration [La] b Eur J Appl Physiol (2014) 114:147-163 149 44.5 ± 8.8 % relative humidity. A large pedestal fan (Sampford IXL, Australia) was placed in front of the cyclists during exercise to increase airflow. The cyclists completed light training (i.e., cycling 60-90 min/ 25-50 km; average HR \ 60 % max) on the day prior to testing. They were given a high carbohydrate pre-exercise meal containing approximately 40 kJ kg -1 of energy and 2 g kg -1 of carbohydrate to eat prior to arrival at the laboratory.
Incremental test _ VO 2max was measured during an incremental test on an electronically-braked cycle ergometer (SRM GmbH, Germany). The initial workload of 100 W was sustained for 5 min; thereafter, the workload increased by 25 W every 1 min until volitional fatigue (Stanley et al. 2012) . PPO was calculated as the power output from the last completed stage of the incremental exercise test, plus the fraction of time spent in the next stage multiplied by 25 W.
High-intensity interval training HIIT1 consisted of a specific moderate-intensity warm-up sequence, followed by three 3-min high-intensity intervals (Table 1) . HIIT2 consisted of a specific moderate-intensity warm-up followed by four 3-min high-intensity intervals (Table 1) . During each session, the cyclists received strong verbal encouragement in a consistent manner.
Recovery interventions
Ten minutes after HIIT1, the cyclists completed one of two different recovery interventions in a purpose-built hydrotherapy recovery center. The 10-min delay was required for post-exercise HRR and HRV assessment, and relocation (*80-m walk) to the recovery center (Fig. 1) . In practice, it is unlikely that athletes would be able to access CWI immediately; therefore this delay is arguably relevant to competitive exercise performance. Ambient air within the center was maintained at 27°C. In the PAS trial, the cyclists remained standing at room temperature for 5 min. In the CWI trial, the cyclists were immersed to the level of their umbilicus in a standing position for 5 min in 10.1 ± 0.1°C water. This specific immersion protocol was selected because this duration and temperature are effective for restoring cardiac parasympathetic activity after exercise (Stanley et al. 2013) , while remaining tolerable for athletes (Peiffer et al. 2009a) . During both recovery interventions, the cyclists assumed a similar position, and limited their movement. They then towel dried and returned to the laboratory to commence HIIT2.
Measurements
Body temperature measures T sk and T re were measured continuously during each experimental trial (Fig. 1) . T sk was measured using four reusable skin thermistors (SST-1, Physitemp, USA). Thermistors were affixed using tape (Micropore, 3 M) on the right calf, right quadriceps, right triceps, and chest. T sk was estimated with the following weightings [0.3 9 (chest ? arm)] ? [0.2 9 (thigh ? calf)] (Peiffer et al. 2009b) . T re was measured using a disposable rectal thermometer (Monatherm 400 Series, Mallinckrodt Medical, USA) self-inserted 12 cm past the anal sphincter. Both T sk and T re were recorded using a data logger (Squirrel SQ2020, Grant Instruments, United Kingdom) with a sampling rate of 1 Hz. To simplify the data analysis, all temperature data are reported as 3-min averages.
Respiratory measures
Respiratory gas exchange and HR were recorded during both experimental trials (Fig. 1) using an automated breath-by-breath system (ParvoMedics TrueOne Ò 2400, Utah, USA). Before each test, the O 2 and CO 2 analyzers were calibrated, as recommended by the manufacturer. For the incremental test, data were averaged in 15-s increments. Estimated VT 1 was defined as the power at which CO 2 output began to increase disproportionately in relation to _ VO 2 , with a systemic rise in _ V E _ VO 2 ratio and end-tidal PO 2 , while the _ V E _ VCO 2 and end-tidal PCO 2 remained stable (Whipp et al. 1989) . Because of doubts about the validity of the usual criteria for establishing maximal O 2 uptake during ramp exercise, _ VO 2max was defined as the highest _ VO 2 value attained during a 15-s period. The cyclists in this study were highly motivated and continued exercising until voluntary exhaustion. We are therefore confident that the data that we recorded reflects their true _ VO 2max . We observed a plateau in _ VO 2 in 11 of the 14 cyclists. During HIIT1 and HIIT2, average _ VO 2 was determined from 5-s interval data.
Cardiovascular measures
During exercise HR, SV and _ Q were measured continuously using impedance cardiology (PhysioFlow, Manatec Biomedical, France) (Charloux et al. 2000; Richard et al. 2001) ; the conceptual basis for this method has been described elsewhere (Charloux et al. 2000) . Two sets of electrodes (Skintact FS-50, Leonhard Lang Gmbh, Austria)-one transmitting, one sensing-were applied above the supra-clavicular fossa at the left base of the neck, and along the xiphoid process. Another two electrodes were used to monitor a single electrocardiographic signal (ECG; CM5 position). Blood pressure was assessed (Digital blood pressure monitor, UA-767, A&D Instruments Ltd., UK) as part of standard calibration process for the PhysioFlow prior to HIIT1 and HIIT2 measurements. HR, SV, and _ Q data were sampled at 5-s intervals, and the average for each interval was determined during HIIT1 and HIIT2. The coefficient of variation for SV and _ Q during repeated cycle ergometer peak oxygen uptake tests in healthy, fit men, assessed using the PhysioFlow has been reported as 3.6 and 3.4 % respectively (Hsu et al. 2006) .
Prior to and immediately following HIIT1 and HIIT2, the cyclists sat silently on the ergometer with minimal movement for 5 min for assessment of HRV and HRR (post-exercise) (Fig. 1) . Respiratory rate was spontaneous to allow HR to return naturally to baseline levels (Buchheit et al. 2009) , and because there is little difference in parasympathetic-related HRV indices during controlled versus spontaneous breathing (Penttilä et al. 2001 ). All R-R intervals were recorded continuously with a heart rate monitor (Suunto t6d, Suunto Oy, Vantaa, Finland) at a sampling frequency of 1,000 Hz. To ensure the quality of the R-R signal, electrode gel (Lectron II, Pharmaceutical Innovations, USA) was applied to the HR chest strap.
Near-infrared spectroscopy (NIRS) measurements
The NIRS apparatus (PortaMon, Artinis Medical Systems BV, The Netherlands) used in this study was a threewavelength continuous wave system, which simultaneously uses the modified Beer-Lambert and spatially resolved spectroscopy methods. Changes in tissue oxyhemoglobin ([HbO 2 ]), deoxyhemoglobin ([HHb]), and total hemoglobin ([t Hb ]) were measured using the differences in absorption characteristics of light at 775, 810, and 850 nm. The contribution of hemoglobin and myoglobin to the near-infrared signal is presently unclear. For the purpose of the present study, the abbreviations [HbO 2 ], [HHb] and [t Hb ] refer to the combined signal due to hemoglobin and myoglobin. Because of the uncertainty of proton pathlength at rest and during exercise, we used an arbitrary value for the differential pathlength of 3.83. During all tests, the NIRS system was connected to a personal computer for data acquisition (10 Hz), analogue-to-digital conversion, and subsequent analysis. The NIRS probes were positioned on the left vastus lateralis muscle, approximately 12 cm from the knee joint, along the vertical axis of the thigh. A surgical marker was used to mark the probe placement for accurate subsequent repositioning. The probe was wrapped in a plastic bag and sealed for water proofing. The probe and skin were covered in black plastic and black tape to prevent interference from ambient light. Skinfold thickness at the site of application of the NIRS probe was determined before the testing sessions using Harpenden skinfold calipers (British Indicators Ltd., UK). The calculated value of skin and subcutaneous tissue thickness (\0.5 cm) was less than half the distance between the source and the detector. Therefore, it is reasonable to assume that changes in T SI and t Hb primarily reflect that of the vastus lateralis muscle tissue (Ihsan et al. 2013 [HHb] 9 100, expressed as %) was calculated independently using the spatially resolved spectroscopy method and multi distance source detector approach. T SI reflects the dynamic balance between O 2 supply and O 2 consumption, and is independent of near-infrared photon path length in muscle tissue.
Blood lactate measurements
One minute before and 2.5 min after the interval component of HIIT1 and HIIT2, a fingertip blood sample (5 lL) was collected and [La] b was determined (Lactate Scout, EKF Diagnostics GmbH, Germany).
Data analysis
Assessment of oxygen uptake kinetics
Data for _
VO 2 recorded during the 3-min moderate-intensity stages (95 % ph L ) and each interval (90 % p _ VO 2max ) were automatically filtered for aberrant data points (Ö zyener et al. 2001 ) and interpolated to 5-s intervals. Increasing the number of exercise transitions in the same exercise protocol is a common practice to increase the signal-to-noise ratio due to high variability between breaths (Whipp et al. 2005) . Therefore, _ VO 2 recorded during the 2nd, 3rd and 4th intervals of HIIT2 was time-synchronized, and ensemble averaged to yield a single response for each cyclist for each trial. Because of the lack of any priming effect of prior exercise (Burnley et al. 2006; DeLorey et al. 2007 ), _ VO 2 on-transient kinetics were not modeled during the 1st interval of each HIIT. Modeling of _ VO 2 on-transient kinetics over the 3-min interval was achieved using an iterative technique (Sigmaplot 10, SPSS Science; IL, USA) and a mono-exponential function (Eq. 1; Fig. 2 ) (Dorado et al. 2004; Ö zyener et al. 2001; Whipp et al. 2005) :
where U 1 = 0, when time (t) is less than the time delay (TD, s) from the onset of exercise; U 1 = 1, for t C TD; _ VO 2 baseline is the average _ VO 2 during the 60 s prior to onset of the rest (or active recovery)-to-exercise transition (1), A 1 is the asymptotic amplitude for the exponential term (1), s on is the time constant of the exponential (s). Because the phase 1-phase 2 transition occurred &15 s after exercise onset for all cyclists (by visual examination), the initial cardiodynamic component was excluded by deleting the first 20 s of data. For simplicity, we chose to model _ VO 2 on-transient kinetics with a mono-exponential rather than bi-exponential function since the appearance of phase III was unlikely for the following reasons: (1) because of the priming effect from the first interval, the duration of the interval analyzed (2nd, 3rd and 4th intervals) was unlikely long enough for the appearance of phase III, (2) although in the severe intensity domain, the exercise intensity was still submaximal, which reduces the amplitude of phase III, if it was to occur, and (3) fitting a bi-exponential model did not substantially reduce the residuals. The mean response time (MRT = time delay ? s on ) was calculated to provide an overall description of on-transient kinetics.
Assessment of cardiovascular kinetics
HR, SV, and _ Q on-transient kinetics were modeled using the same iterative technique adopted for _ VO 2 on-transient kinetics. HR, SV and, _ Q data were fitted with a monoexponential function in the form of Eq. 1 (using the same 3-min window), with the appropriate values substituted. and 3rd high-intensity intervals) and HIIT2 (ensemble average of 2nd, 3rd, and 4th high-intensity intervals) for (a) the passive (PAS) and (b) cold water immersion (CWI) recovery trials in a representative subject. The rate of adaptation of _ VO 2 is inferred from the time constant (s on ) of the _ VO 2 response, as fitted using a mono-exponential function. The bottom grey lines in both panels represent the residuals. Solid grey blocks represent the high-intensity interval Unlike the _ VO 2 on-transient kinetics analysis, the initial 20 s of data was not deleted. The mean response time (MRT = time delay ? s on ) was calculated to provide an overall description of on-transient kinetics.
NIRS data and assessment of de-oxygenation rates
The NIRS-derived [HbO 2 ], [HHb] , and [t Hb ] data were down-sampled from 10 to 1 Hz, and then averaged to 5-s intervals and synchronized with cardiorespiratory data. Because T SI provides a better indication of muscle oxygenation status than [HHb] when blood flow is not constant (Wolf et al. 2007 ), only T SI data were modeled (Buchheit and Ufland 2011) . At the start of each interval, a linear model was retained to assess changes in T SI (Bae et al. 2000) :
where t is the time (s), a is the slope (% s -1 ) and b, the yintercept (%). T SI values over time were modeled, without time delay i.e., during the first 12 s of exercise (Eq. 2). The slope (a) of the relationship was retained as an index of deoxygenation rate (Bae et al. 2000) . This model provided very low residuals and r 2 values [0.96.
Anaerobic contribution of exercise
The average _ VO 2 measured during the last 2 min of the moderate-intensity cycling stages at 65, 75, and 95 % pVT 1 (respiratory exchange ratio was \1.0 in all trials for all cyclists) of HIIT1 was used to determine the individual _ VO 2 power relationship. The accumulated O 2 deficit during each high-intensity interval of HIIT2 was calculated as the difference between estimated O 2 demand (extrapolated from the linear _ VO 2 power relationship obtained for the respective moderate-intensity cycling stages) and measured total O 2 uptake during each high-intensity interval (Dorado et al. 2004 ). The percentage of anaerobic contribution (%Ana) was calculated for each high-intensity interval, as accumulated O 2 deficit Â 100=estimated O 2 demand. For consistency in analysis, the %Ana for the 2nd, 3rd, and 4th interval of HIIT2 was also ensemble averaged. We acknowledge that while this analysis method may have some limitations (Bangsbo 1998) , it has been successfully implemented in the past to describe the energetics of highintensity intervals (Bosquet et al. 2008; Tabata et al. 1997) . Importantly, potential changes in efficiency were unlikely in the present population of highly-trained cyclists, which performed an exercise sequence representative of typical training sessions. Additionally, we were interested in the comparisons between the two alternative recovery conditions rather than in the exact anaerobic contribution per se.
HRR
HRR was calculated by fitting the 5 min post-HIIT R-R data into a mono-exponential decay curve (Buchheit et al. 2009) , which is thought to be related to the progressive withdrawal of sympathetic activity. A HRR time constant (HRR s ) was produced by modeling the resultant first 5 min of HR data using an iterative technique (Sigmaplot 10, SPSS Science; IL, USA) with a mono-exponential function:
where HR 0 is resting (final) HR, HR ampl is maximal HR-HR 0 , and T is time (s).
HRV R-R interval data files were transferred to a computer using Suunto Team Manager Software (Suunto Oy, Vantaa, Finland) (Stanley et al. 2012 (Stanley et al. , 2013 . Further signal processing was performed using a dedicated HRV analysis program (Kubios HRV Analysis version 2.0 beta 1, The Biomedical Signals Analysis Group, University of Kuopio, Finland). Occasional ectopic beats were automatically replaced with the interpolated adjacent R-R interval values. The natural logarithm of the square root mean of the sum of the squared differences between adjacent normal R-R intervals (ln rMSSD) was calculated from the last 3 min of the 5-min (seated) recordings (Stanley et al. 2013) to provide an index of cardiac parasympathetic activity (TaskForce 1996) . Analysis was restricted to ln rMSSD due to greater reliability compared with spectral indices (Al Haddad et al. 2011 ) during ambulatory trials of variable respiration rate (Penttilä et al. 2001 ).
Statistical analysis
Data were assessed for practical significance using magnitude-based inferences (Hopkins et al. 2009 ). We selected this qualitative approach because traditional statistical approaches often do not indicate the magnitude of an effect, which is typically more relevant to athletic performance than any statistically significant effect. For any variables that included data for fewer than 14 of the cyclists, the number of data sets is noted with the relevant result. All data were log-transformed prior to analysis to reduce bias arising from non-uniformity error.
Data from the first HIIT trial (i.e., before the recovery interventions) were used to examine the reliability of the present measures. The typical error was calculated and expressed as a CV [90 % confidence interval (CI)]. Baseline (pre-experimental trial) characteristics were included as a covariate for between-trial analysis. PPO was used as a Eur J Appl Physiol (2014) 114:147-163 153 covariate for performance variables, whereas age was used as a covariate for HRV responses due to the effect of age on baseline HRV and the training-induced HRV response (Sandercock et al. 2005) . HIIT1 data for all variables were included as a covariate for within-trial analysis. Data analysis involved comparing (1) the magnitude of changes in physiological variables between HIIT1 and HIIT2 within each trial and (2) the difference in magnitude of this change between the two trials. This analysis was performed using a modified statistical spreadsheet (Hopkins 2006) . The spreadsheets calculate the between-trial standardized differences or effect sizes (ES 90 % CI) using the pooled standard deviation (Cohen 1988 (Hopkins et al. 2009 ). In addition, we calculated probabilities to establish whether the true (unknown) differences were lower, similar or higher than the smallest worthwhile change or difference. The smallest worthwhile change/difference in all variables (excluding power output) was calculated as 0.2 multiplied by the between-subject standard deviation, based on Cohen's effect size principle. For power output, the smallest worthwhile change/difference was set at 1 %, because this represents the smallest worthwhile enhancement for cyclists competing in track and time-trial events (Paton and Hopkins 2006) . Quantitative chances of higher or lower differences were evaluated qualitatively as follows: \1 %, almost certainly not; 1-5 %, very unlikely; 5-25 %, unlikely; 25-75 %, possible; 75-95 %, likely; 95-99 %, very likely; [99 %, almost certain. If the chance of substantially higher or lower differences were both [5 %, the true difference was assessed as 'unclear'. Pearson's productmoment correlation analysis was used to compare the association between physiological variables. The following criteria were adopted to interpret the magnitude of the correlation (r) between test measures: B0.1 trivial,[0.1-0.3 small, [0.3-0.5 moderate, [0.5-0.7 large, [0.7-0.9 very large, and [0.9-1.0 almost perfect. If the 90 % confidence interval overlapped small positive and negative values, the magnitude of the correlation was deemed 'unclear'; otherwise, the magnitude of the correlation was deemed to be the observed magnitude (Hopkins et al. 2009 ).
Results
Reliability of the cardiorespiratory responses to HIIT1
There was likely a small difference in systolic blood pressure (SP) and T SI between the CWI and PAS trials during the high-intensity intervals of HIIT1 (Table 2) . HR and cadence were very likely similar, power output was likely similar, SV, _ Q, _ VO 2 were possibly similar, whereas there were no clear differences for diastolic blood pressure (DP) or t Hb between the CWI and PAS trials during the high-intensity intervals of HIIT1 (Table 2) .
The coefficient of variation during the high-intensity intervals of HIIT1 for both trials was 0.8 % (-5.2; 6.9) for HR, 4.5 % (-20.7; 29.8) for SV, 4.5 % (0.36; 8.67) for _ Q, 4.8 % (-23.6; 33.2) for SP, 6.2 % (-13.7; 26.0) for DP, 7.6 % (-5.8; 21.0) for T SI , 15.3 % (4.3; 26.4) for t Hb , 2.3 % (1.9; 2.6) for _ VO 2 , 0.8 % (-2.5; 4.2) for cadence, and 0.9 % (-12.5; 14.4) for power output.
HRR and HRV responses
In both trials, ln rMSSD decreased following HIIT1 and remained lower than pre-exercise values for the remainder of each trial. However, CWI induced a greater reactivation of ln rMSSD prior to HIIT2 (Fig. 3a) . Immediately following HIIT1, HRR s was likely similar between trials (57.2 ± 18.5 vs. 60.7 ± 22.6 s for CWI vs. PAS, chances that the true difference was higher/trivial/lower, 4/77/ 19 %). Immediately following HIIT2, there was no clear difference in HRR s between trials (67.4 ± 17.8 vs. 67.4 ± 21.5 s for CWI vs. PAS, 13/82/5 %).
Body temperature responses
T sk decreased from the first interval of HIIT1 for the duration of both trials compared with pre-exercise (Fig. 3b ). There were no clear between-condition differences in T sk prior to the recovery intervention, after which T sk decreased substantially in the CWI trial compared with the PAS trial (Fig. 3b) . T re was similar between trials prior to the recovery intervention, after which T re increased substantially in the CWI trial compared with PAS trial (Fig. 3c) . T re was elevated after the recovery intervention and for the remainder of the CWI trial compared with preexercise.
Blood lactate responses
There were no clear differences between the trials for [La] b (2.2 ± 0.8 vs. 2.1 ± 0.7 mmol L -1 for CWI vs. PAS, 46/49/5 %) following the moderate-intensity warm-up of HIIT1, or after HIIT1 (10.8 ± 2.5 vs. 11.0 ± 2.8 mmol L -1 for CWI vs. PAS, 13/69/18 %). Following the moderate-intensity warm-up of HIIT2, [La] b was likely higher in the CWI trial compared with the PAS trial (3.4 ± 1.3 vs. 2.8 ± 1.2 mmol L -1 for CWI vs. PAS, 76/22/2 %), but was possibly similar following HIIT2 (11.4 ± 2.8 vs. 11.1 ± 3.1 mmol L -1 for CWI vs. PAS, 25/72/3 %). Subjective responses
There were no clear differences for rating of perceived exertion between trials following HIIT1 (8 ± 1 vs. 8 ± 1 for CWI vs. PAS, 34/47/19 %), or following HIIT2 (8 ± 1 vs. 8 ± 1 for CWI vs. PAS, 38/51/11 %).
Effect of CWI on the cardiorespiratory responses to HIIT2
The mean responses for hemodynamic, respiratory, T SI , and performance variables during the interval sequence of HIIT1 and HIIT2 are displayed in Table 2 . The time course of HR, SV, _ Q, _ VO 2 , T SI , and power output of a representative subject during the four intervals of HIIT2 of both trials is illustrated in Fig. 4 . Within-and between-trial differences in the kinetics of hemodynamic, respiratory, and muscle deoxygenation responses during HIIT1 and HIIT2 are described in Table 3 . Within-and between-trial differences in _ VO 2 on-kinetics for a representative subject are illustrated in Fig. 2 . The between-trial difference for within-trial changes in _ VO 2 MRT was very likely higher, _ VO 2 time delay and _ VO 2 s on were likely higher, and _ Q MRT and HR MRT were possibly higher in the CWI compared with PAS trial (Table 3 ). Due to unstable and inconsistent measurements of SV, we were unable to model the rate of adaptation during the high-intensity exercise on-transient.
Anaerobic contribution to exercise
Within-and between-trial differences in the %Ana during HIIT1 and HIIT2 are displayed in Table 4 . The %Ana during the 1st interval of HIIT2 was likely higher following CWI compared with PAS recovery (15.2 ± 4.2 vs. 12.5 ± 3.9 %, 94/6/0 %) (Fig. 5) . The %Ana during the subsequent intervals of the HIIT session (mean of intervals 2, 3, and 4) was possibly higher following CWI compared with PAS recovery (9.5 ± 4.4 vs. 8.1 ± 3.8 %, 67/32/1 %) (Fig. 5) .
Relationships
There were large correlations between individual changes in ln rMSSD from post-HIIT1 to pre-HIIT2 (i.e., level of cardiac parasympathetic reactivation due to recovery intervention) and (1) individual changes in _ Q s on from HIIT1 to HIIT2 [r = 0.69 (90 % confidence limits, 0.44; 0.84), n = 22] and (2) individual changes in _ Q MRT from Fig. 3 Changes in a ln rMSSD, b skin temperature, and c rectal temperature for the duration of the cold water immersion (CWI) and passive (PAS) recovery trials. Shaded area denotes the specific recovery intervention. Prior to exercise (Pre), exercise bout 1 (HIIT1), exercise bout 2 (HIIT2). Data are presented as mean ± SD, bidirectional error bars are omitted for clarity. Within-and betweentrial differences are expressed qualitatively (Hopkins et al. 2009 ). a most likely between-trial difference, b very likely between-trial difference, c likely between-trial difference, d possible between-trial difference, asterisk most likely within-trial difference compared to Pre, double dagger very likely within-trial difference compared to Pre. n = 14 rectal temperature data points including and following ''RECO'' in the CWI trial where n = 12 due to equipment failure b HIIT1 to HIIT2 [r = 0.68 (0.42; 0.84), n = 22]. No clear relationships were observed between any other variables.
Discussion
In the present study we investigated the effect of cold water immersion recovery on body temperature, cardiac autonomic, hemodynamic, respiratory, and muscle oxygenation responses during high-intensity cycling. The main findings of this study were as follows. First, cold water immersion increased cardiac parasympathetic activity and possibly slowed cardiac output on-kinetics; the greater cardiac parasympathetic reactivation during recovery largely correlated with slower cardiac output on-kinetics. Second, despite a slower adaptation of cardiac output at exercise onset, cold water immersion enabled a better maintenance of cardiac output during HIIT2. Third, _ VO 2 kinetics, Fig. 4 Changes in a heart rate (HR), b pulmonary O 2 uptake ( _ VO 2 ), c stroke volume (SV), d tissue saturation index (T SI ), e cardiac output ( _ Q), and f power output (horizontal dashed line represents 90 % p _ VO 2max ) during the four high-intensity intervals of the HIIT in a representative subject following cold water immersion (CWI) and passive (PAS) recovery. The subject was selected as being representative based on visual inspection of all data sets (i.e., best reflected the mean response of all subjects as presented in the tables). Solid grey blocks represent the duration of each high-intensity interval muscle O 2 delivery and utilization (as inferred from NIRS) were reduced after cold water immersion compared with passive recovery. Last, the anaerobic contribution to exercise during HIIT2 was likely higher after cold water immersion compared with passive recovery. The importance of these findings for athletes in a competitive setting, or when training is aimed at improving aerobic capacity, is that it is advisable not to use cold water immersion during Table 3 Within-and between-trial differences in hemodynamic, respiratory, and muscle de-oxygenation kinetics during the high-intensity interval sequence of HIIT1 and HIIT2 during the cold water immersion (CWI) and passive recovery (PAS) trials Values are mean ± SD for heart rate (HR), stroke volume (SV), cardiac output ( _ Q), pulmonary oxygen uptake ( _ VO 2 ), (n = 14 except for Q and HR where n = 11 and T SI where n = 10]. See ''Methods'' for rating of differences. a Very likely difference; b likely difference; c possible difference short-term recovery between high-intensity events because its detrimental effects persist for at least 45 min. Conversely, cold water immersion may be implemented during training to increase the anaerobic contribution to exercise, without requiring an increase in exercise intensity.
As expected, cardiac parasympathetic reactivation was enhanced following cold water immersion compared with passive recovery (Fig. 3a) , consistent with previous findings (Buchheit et al. 2009; Parouty et al. 2010; Stanley et al. 2012 Stanley et al. , 2013 . Similarly, and consistent with previous observations Peiffer et al. 2009b) , cold water elicited a likely to most likely reduction in T sk compared with passive recovery (Fig. 3b) . However, cold water immersion unexpectedly induced a likely to most likely increase in T re (observed in all of the cyclists) compared with passive recovery (Fig. 3c) . The observed rise in T re may have occurred as a result of reduced heat dissipation through conductive cooling, due to peripheral vasoconstriction in response to cold water immersion. As evidence of peripheral vasoconstriction, t Hb decreased by a greater extent after cold water immersion (Table 2) . Cold water immersion may also have redirected blood to the core, as indicated by a smaller decrease in stroke volume and cardiac output following cold water immersion (Table 2 ). It is possible that following cooling, T re may overestimate core temperature. Changes in blood flow around the rectum may potentially reduce heat removal capacity as reflected by an increased T re . In contrast with our findings, others have reported that cold water immersion after exercise reduced T re following cold water immersion after exercise (Peiffer et al. 2010; Vaile et al. 2011) . The lower temperature of the water, the shorter duration, and different level of immersion in our study may partially account for this disparity.
The autonomic nervous system can influence O 2 transport (Hughson 1990 ) by modulating cardiovascular activity (Endo et al. 2003) . Increased cardiac parasympathetic activity at exercise onset can reduce vagal-withdrawal during the on-transient, slowing HR kinetics during highintensity exercise (Endo et al. 2003) . In turn, these responses may reduce peak HR and possibly cardiac output during sprint exercise (Parouty et al. 2010) . In support of this relationship, we observed large positive correlations between the changes in cardiac parasympathetic reactivation during recovery and both the change in cardiac output s on , and cardiac output MRT from HIIT1 to HIIT2 [as an indication of reduced cardioacceleration, i.e., the priming effect of prior exercise (Burnley et al. 2006; DeLorey et al. 2007) ]. However, despite this increase in cardiac parasympathetic reactivation following cold water immersion (Fig. 3a) , we observed no clear difference between trials in the change of HR on-kinetics from HIIT1 to HIIT2 (Table 3 ). This suggests that in contrast with other research Values are mean ± SD for anaerobic contribution to exercise for the 1st interval (%Ana INT1), anaerobic contribution to exercise for the ensemble average of intervals 2 and 3 for HIIT1 and interval 2, 3, and 4 for HIIT2 (%Ana mean) (n = 14). See ''Methods'' for rating of differences. (Buchheit et al. 2009; Endo et al. 2003; Parouty et al. 2010) , withdrawal of cardiac parasympathetic activity likely occurred before the high-intensity intervals commenced. This lack of change in cardiac parasympathetic activity during HIIT2 is supported by the observation that HRR s was similar after HIIT2 in each trial. It is therefore possible that the slower cardiac output adaptation was more likely related to specific hemodynamic adjustments than to changes in autonomic cardiac control. Differences in the moderate-intensity 're-warm-up' before HIIT2, level of immersion and water temperature might explain some of this disparity with previous studies. Stroke volume and cardiac output were reduced during HIIT2 compared with HIIT1 for both conditions. However, the reduction was smaller following cold water immersion compared with passive recovery (Table 2) , possibly as a result of vasoconstriction and redistribution of blood flow from the periphery to the core from increased venous return (Muller et al. 2012; Vaile et al. 2011) . Evidence supporting this concept is that total muscle blood flow (which can be inferred from t Hb because it represents the total volume of red blood cells within the muscle microvasculature, and therefore is likely related to blood flow within the muscle) also tended to be lower following cold water immersion compared with passive recovery. Although the difference was unclear, the small effect size and lower probability values after cold water immersion versus passive recovery (Table 2) are suggestive of a trend. Unfortunately, due to unstable and inconsistent data, we were unable to model the rate of adaptation of stroke volume during the onset of exercise. Without stroke volume kinetics, and any clear differences in HR kinetics, we cannot explain the observed slowing of cardiac output MRT from HIIT1 to HIIT2 after cold water immersion. Nevertheless, the slowing of cardiac output on-kinetics following cold water immersion was likely compensated by a smaller decrease in overall cardiac output. Collectively, the present data suggest that cold water immersion had only a small to marginal effect on the overall central delivery of O 2 to the exercising muscle.
We observed no clear difference between trials for changes in overall _ VO 2 from HIIT1 to HIIT2 (Table 2) . Prior heavy exercise generally accelerates _ VO 2 on-kinetics during subsequent heavy exercise (Burnley et al. 2006; DeLorey et al. 2007 ); this effect persists for at least 45 min (Burnley et al. 2006) . In the present study, the time from the end of HIIT1 to the start of the first interval of HIIT2 was 46 min. Therefore, as expected, _ VO 2 on-kinetics were faster during HIIT2 compared with HIIT1 (Table 3 ; Fig. 2 ). However, compared with passive recovery, cold water immersion after HIIT1 reduced the acceleration _ VO 2 on-kinetics during HIIT2 (Table 3 ; Fig. 2 ). More precisely, the acceleration of the _ VO 2 time delay and time constant were likely slower, and MRT was very likely slower following cold water immersion compared with passive recovery. The slowing of the acceleration of _ VO 2 onkinetics (effect size = ?0.7) was twofold greater than that of central delivery of O 2 (i.e., cardiac output, effect size = ?0.3). Based on this finding, we contend that cold water immersion slowed _ VO 2 on-kinetics through peripheral mechanisms (e.g., reduced muscle blood flow and/or metabolic inertia within the mitochondria).
Using t Hb to assess muscle blood flow is not without its limitations. Nevertheless, the present data suggest a trend towards reduced muscle blood flow (and possibly local O 2 delivery) from HIIT1 to HIIT2 in both trials (Table 2 ). This response was surprising, because others have reported that O 2 delivery to metabolically active muscle increases following prior exercise (DeLorey et al. 2007 ). This unexpected finding may be explained by differences in exercise protocols (cycling vs. single leg extension) and contraction rates (105 rev min -1 vs. 30 contractions min -1 ), which (Hopkins et al. 2009) could influence muscle blood flow through the muscle pump effect. Muscle blood flow tended to decrease more following cold water immersion compared with passive recovery (Table 2 ). This finding is consistent with previous observations of reduced muscle blood volume at reduced T sk and muscle temperature (Yanagisawa et al. 2007) , and is likely due to increased peripheral vasoconstriction (Muller et al. 2012) . We observed that changes in muscle tissue O 2 saturation were similar (Table 2) , and changes in the rate of muscle de-oxygenation from HIIT1 to HIIT2 were not clearly different between trials (Table 3) (Ferretti et al. 1995) and (2) slowing of muscle intracellular _ VO 2 on-kinetics (Koga et al. 2013; Shiojiri et al. 1997) . Because T sk is a weak predictor of intramuscular temperature during cooling and re-warming (Jutte et al. 2001) , we can only speculate that muscle temperature followed the same trend as T sk , and decreased during the initial highintensity interval of HIIT2 following cold water immersion. It is worth noting that t Hb measurements may potentially be influenced by T sk , resulting in slower t Hb kinetics independent of muscle blood flow. However, this is unlikely because (1) there was no substantial difference in T sk for the intervals we modeled kinetics on (i.e., the first interval of each HIIT was excluded from modeling; see ''Methods''), and (2) the subcutaneous tissue thickness was low in the cyclists (Ihsan et al. 2013) . Another point to consider is whether NIRS measured at a specific site on vastus lateralis accurately reflect perfusion and O 2 uptake throughout the whole muscle (Prieur et al. 2010 ).
An O 2 deficit is incurred at the onset of constant load exercise due to slower readjustment of O 2 consumption with respect to mechanical power (Dorado et al. 2004) . As a consequence of lower O 2 delivery to, and utilization by exercising muscle, we observed that the anaerobic contribution during the first high-intensity interval increased from HIIT1 to HIIT2 after cold water immersion, whereas it decreased after passive recovery (Table 4) . Subsequently, the anaerobic contribution was likely higher during the first high-intensity interval of HIIT2 following cold water immersion compared with passive recovery, despite a moderate intensity warm-up (Fig. 5) . As expected, the anaerobic contribution diminished during the subsequent three intervals. The between-trial difference for within-trial changes in anaerobic contribution for these intervals was less compared with the first interval of HIIT2 after cold water immersion compared with passive recovery (Table 4; trend of decreasing effect size from interval 1 to 4, Fig. 5b ). This was likely due to the priming effect of exercise on speeding cardiorespiratory kinetics (Burnley et al. 2006; DeLorey et al. 2007 ), increasing local muscle O 2 availability and utilization (DeLorey et al. 2007 ) and possible greater warming of the muscle (Koga et al. 2013 ). The similar [La] b between trials observed immediately following the HIIT2 probably reflects the near-maximal intensity of the intervals.
[La] b only represents the end product of accumulation, and it is not sensitive enough to changes in metabolism. However, had we measured it, [La] b may have been higher immediately after the first or second high-intensity interval of HIIT2 following cold water immersion compared with passive recovery.
Conclusions
The present study demonstrates that cold water immersion recovery between high-intensity exercises increased cardiac parasympathetic activity (as inferred from HRV), slowed _ VO 2 on-kinetics and reduced muscle O 2 utilization. These responses were probably related to peripheral adjustments (i.e., reduced muscle blood flow), because the slowing of _ VO 2 on-kinetics was twofold greater than that of central delivery of O 2 (i.e., cardiac output). Consequently, cold water immersion increased the anaerobic contribution during subsequent high-intensity exercise. The importance of these findings for athletes is twofold. First, in a competitive setting or when the aim of the highintensity training is to increase aerobic capacity (such as in the current study), cold water immersion has detrimental effects on high-intensity exercise that persist for at least 45 min. Therefore, it is advisable for athletes not to use cold water immersion if high-intensity events are separated by 45 min or less. Second, such physiological effects may be advantageous when the aim of training is different. For example, cold water immersion may be implemented during training to augment glycolytic energy contribution, without requiring an increase in exercise intensity. Further studies investigating the effects of an increase in muscle temperature following cold water immersion (i.e., artificially re-warming the legs to compensate for the detrimental effect of cold on energy turnover) are warranted.
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